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The susceptibility of the ¹Pwas measured to be
less than 2&&10 ' emu/g at 1.3 K. This sets an upper
limit of approximately 10 ppm to the Fe concentration
assuming a Curie law for spin 1. Nevertheless the ef-
fect in NiP is comparable to that found in Fe(PdSi)zz
which has 1000 times as much iron.
'OA. C. Ehrlich and D. J. Gillespie IBull. Am. Phys.
Soc. 20, 347 (1975)], report a resistivity minimum in
amorphous Pd Si which does not correlate with the Fe
impurity content.
'~J. Kondo, Progr. Theor. Phys. 32, 37 (1964).
' Corrugations on a scale close to xo will involve rela-
tively large energy barriers, of order the crystalliza-
tion temperature (500 K), and will play a central role
in the macroscopic diffusion and rearrangement which
occurs during crystallization.
'3The extension of our simple model to include wells
with minima at different energies will affect the func-
tional form of our result. However, we argue that at
low temperatures the value of f is essentially constant,
and given by that fraction of the corrugated wells where
the energy difference is less than the zero-point energy
IQ)p, At higher temperatures, k T & Sp 10 K, we
might therefore expect to see additional terms of log-
arithmic character. These seem to be masked by the
ordinary phonon scattering in the XiP, CoP, and CoSm
alloys, but in the Metglas alloy (curve of Fig. 1)
there does seem to be some evidence for additional
scattering at temperatures above -30 K.
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The transmission and two reflection spin-resonance signals for single-crystal AgGd
are shown to have the same crystal-field parameter, and hence are attributable to an iso-
latedlocal moment. This identification illustrates why S-state resonance data need re-
examination. The ratio of the averages of J(k,k') appropriate to the exchange field and
relaxation rate of the local moment is ~ 3 which may be difficult to interpret within the
framework of presently accepted models.
We believe the results reported here, in con-
junction with the theoretical analysis of the fol-
lowing paper' (ll), support the conclusion that
electron-spin-resonance data for 8-state local
moments in metals need to be reexamined. To
illustrate the nature of this reexamination we
present our measurements for dilute Alod alloys
which we believe to be the most complete and pre-
cise set of such data yet taken for a local-mo-
ment-metal system.
The primary data consist of both reflection and
transmission electron-spin-resonance (RESR and
TESR) spectra, at 9.2 and 35 GHz, for single-
erystal AgGd samples at cryogenic temperatures.
The Gd concentrations ranged from 17 to 450 ppm
and were determined in conjunction with resistivi-
ty-ratio, emission-spectrograph, and dc-suscep-
tibility measurements. We have also made TESR
measurements on a single-crystal sample doped
with Au, as well as RESR measurements on pow-
der sa,mples doped with Sb. The experimental
procedures have been described elsewhere. '
Our work was motivated, in part, by a desire
to resolve the following paradox. The observed g
values corresponding to the reQeetion and trans-
mission resonances in Agod were known to be
appreciably different, 2.09 versus 2.00, , respec-
tively. The depth of the paradox may be appre-
ciated when one considers that this g difference
corresponds to a separation of the lines by more
than a full linewidth. How is it that the same sam-
ple can respond at two mell-separated frequen-
cies, and how is one to interpret these data so as
to deduce the intrinsic properties of the local-
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FIG. 1. Resonance field, HR, versus magnet angle
for 17 ppm atomic Gd in Ag. These data were obtained
at a spectrometer frequency of 35.09 GHz and 7 =1.3 K.
The solid lines in the figure represent the result of a
first-moment computation with the fourth-order crys-
tal-field-splitting parameter b4 —7.4 G.
moment, conduction-electron-spin system&
The TESR spectra for 17- and 48-ppm single-
crystal AgGd samples were originally investi-
gated by Gehman and Schultz who found a single
line which exhibited the characteristics of unre-
solved fine structure split by a cubic-crystal
field, and which had a g value very close to 2.00.'
This is illustrated in Fig. 1 where we present the
magnetic field of the center of the symmetrized
TESR signal as a function of the orientation of
that field to the crystalline axis. The frequency
is 35 6Hz and the temperature 1.3 K. The line-
width also exhibits an angular orientation depen-
dence with a minimum at the angle 0 =—30' corre-
sponding to that for which the fine-structure lines
split by a, crystal cubic field coalesce (to fourth
order). From a first-moment calculation, taking
into account the thermal population of the Zeeman
levels, we find the fourth-order crystal-field
parameter b4= 7.5 + 1 Q.
We have studied the dependence of the g value
and linewidth of the TESR signal at 0 as a func-
tion of temperature, concentration, frequency,
and the addition of an impurity (Au). The qualita-
tive behavior of such signals suggests that the
AgGd system is mostly bottlenecked with the in-
trinsic Gd resonance g value, gf -—1.99, and hence
is very close to that of the conduction electrons
w. here g, = 1.983.4
On the other hand, Davidov et a/. ' have report-
ed reflection measurements for powdered. Ag Gd
samples ranging in concentration from 25 to 1500
ppm. The most succinct description of their ob-
servations is their own, which we quote': "At
high concentrations (c= 500 ppm) two lines were
observed, one at g = 2 and the other at g = 2.08
. . . . As the concentration was lowered the inten-
sity of the g = 2 line appreciably diminished. For
Gd concentrations of 50 and 25 ppm, the g = 2 line
almost completely vanished. We believe the g= 2
portion of the resonance spectrum, observed at
high Gd concentrations, can be attributed to Gd
clusters. . . . The line at g =2.08+ 0.01 is then
identified as arising from isolated Gd impurities
in a purely Ag environment. " The authors also
added 1% Au to the lower-concentration samples,
and from the observation that the g values and
thermal broadenings were unchanged concluded
that the low-field resonance, and by implication
the AgGd spin system, was unbottlenecked.
The situation is illustrated in Fig. 2. In traces
a-d we present our RESR data for single-crystal
AgGd alloys of varying concentration. In traces
e and f we present typical TESR signals for the
same samples as traces c and d. (The data are
all taken at 8 .) The paradoxical separation be-
tween the two resonance responses of the system
at 17 and 48 ppm is self-evident.
The new interpretation presented in II resolves
the paradox. The TESR and RESR signals are
associated with the same resonance mode of the
homogeneous system, but at low wave vector
(LWV) and high wave vector (HWV), respectively.
This is the same mode that has traditionally been
considered in prior 8-state ESR work, but only
at zero wave vector. The HWV signal is a spin-
resonance modulation of the skin depth, and is
too damped to be seen in transmission for the
sample thicknesses used. The relative intensity
of the two RESR signals depends on all the spin
parameters and on the transport properties of the
metal. Traces a and d of Fig. 2 simply corre-
spond to concentrations where only one of the two
possible signals is dominant.
Even when the signals corresponding to the
LWV mode exhibit the characteristics of a com-
pletely bottlenecked spin system, the HWV signal
will beg shifted by the full exchange field of the
conduction electrons, and its thermal broadening
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FIG. 2. Traces p-d represent typical RESR signals
versus the applied dc field for single-crystal Ag sam-
ples doped with varying amounts of Gd. Traces e and f
represent TESR signals for the same samples as traces
c and d, respectively. We identify the TESR signal at
g=]..99 and the RESR signal at g=2.09 respectively
with the low-wave-vector and high-wave-vector solu-
tions of the least-damped mode of the local-moment-
conduction-electron coupled-spin system. The sample
temperature for all cases = 1.4'K and the spectrometer
frequency = 9 0Hz. The data are taken at the angle for
minimum linewidth.
will be given by the usual Korringa expression.
Thus, the behavior of the EGA' signal is pxecise-
ly that expected for a completely unbottlenecked
system, even when the LWV mode is completely
or partially bottlenecked.
We identify the signals in Fig. 2 at g—= 2.09 as
being the %VV resonance, and those at g=—2.00
as being the LWV resonance. We find the g shift
due to the full exchange field of the conduction
electrons to be 4g = 0.1+0.01. We have measured
the thermal broadening for the HWV line and de-
duce the slope of the relaxation rate 5 = 25+ 5 G/
'K. We have used hg=g&J, QX~/y, y/k', and, for
pH«kT, 1/yT&, = (m/h)p'J„'kT =ST. y is the ap-
propriate gyromagnetic ratio, k is the Boltzmann
constant, T is the temperature, p is the density
of states, X„is the free-electron susceptibility,
0 is an electronic volume, and J, and J~ are ap-
propriate measures of the wave-vector-depen-
dent exchange interaction J Q, k').' We find J,/J~
= 3.0+ 0.6.
We have performed additional experiments to
support our identification of the various reso-
nances. If they are all associated with the isolat-
ed moment they should exhibit the same unre-
solved fine structure. In careful RESR measure-
ments on a 450-ppm single crystal at 35 GHz and
1.4 K we found an angular dependence of the LWV
resonance field analogous to that shown in Fig. 1,
which yielded a b, value consistent within the
errors. For experimental reasons we were re-
stricted to -=9 GHz for measurements with a 17-
ppm sample. While the resonant-field variations
were greatly reduced, we were able to measure
an angular dependence to the linewidth of the HWV
RESR line. Since the line is exchange narrowed
we analyzed the angular variation by the method
(and program) of Barnes. ' Again we find a consis-
tent b~ value. It is worthwhile to note that the
sign of b~ is unambiguous, and is positive in con-
trast to that deduced by Chock et al. inAuQd. '
If the g=—2 signals imply that AgGd is nearly
bottlenecked, what does it take to unbottleneck
this system~ The usually accepted signature of
"breaking the bottleneck" is the development of a
g shift and an increased thermal broadening coef-
ficient for some observed resonance which is
monotonically dependent upon the concentration
of an added (nonmagnetic) impurity. As discussed
in II, one must be sure to observe the true LWV
signal t We found that the addition of —= 35 ppm of
Au to a 17-ppm AgGd single crystal g shifted the
TESR line towards a higher value and also appre-
ciably increased the thermal broadening. For
HESR measurements we found that Sb was singu-
larly effective in breaking the bottleneck while
producing a minimum amount of line-shape am-
biguity. We studied powder samples of 1000-ppm
AgGd doped with 500 to 6000 ppm of Sb.' The
maximumg of the LWV signal was g=—2.07, and
the corresponding thermal broadening became 20
G/'K. This is to be compared with =—6 G/'K for
the undoped LWV line, and 25 G/ K for the HWV
line at low Gd concentrations. Thus, we conclude
that the AgGd system is strongly bottlenecked,
and as the bottleneck is broken the g =—2 signals
do asymptotically approach the conditions of the
HWV line.
In summary, we believe we have shown, via
our measurements of the AgGd system, that all
of the RESR and TESR signals correspond to
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those for an isolated moment in a cubic-crystal
field. Since it is not possible to know a priori
which resonance one is observing in RESR with-
out additional tests and jor complementary TESR
measurements, we believe that 8-state local mo-
ment, conduction-electron- spin- resonance data
need to be reexamined. In addition, we find that
the ratio of the measurements of the wave-vec-
tor-dependent exchange parameter appropriate
to the g shift and thermal broadening of the spin
system is 3 + 0.6, a value which may be difficult
to justify in terms of currently accepted consider-
ations for the microscopic calculations of the di-
rect- and indirect-exchange terms.
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The surface impedance of a metal containing local moments includes a resonance of the
spin response at high wave vector, which differs from the resonances at low wave vector.
This resonance is observable in reflection but not in transmission, and is the resonance
seen in reflection for low concentration~AgGd& I At high concentration, low-wave-vector
resonances dominate, and transmission and reflection agree. This new identification
suggests that prior reft. ection-resonance data be reexamined.
We-present the results of a theoretical and com-
putational analysis of the electron-spin-reso-
nance spectra for the coupled local-moment-con-
duction-electron system. A main conclusion of
this analysis is that there are two resonances
potentially observable via reflection spectroscopy
even when completely bottlenecked, and three
when not. When bottlenecked, the two resonances
are associated with the same mode of the system,
but correspond to a response at very high and
very low wave vector. We believe that important
cases of experimental work in the literature have
been incompletely or incorrectly interpreted as
a result of confusion as to the proper identifica-
tion of the observed spectra. ' Hence, we sug-
gest that a reexamination of prior reflection
local-moment-resonance data should take place
along the lines discussed herein. An application
of this new interpretation and analysis is illus-
trated for the system Agod in the preceding paper
(l).'
If there is indeed to be a new interpretation of
the reflection spectra in as well developed a field
as local-moment, conduction-electron-spin res-
onance (LMCESR), we might reasonably ask that
in addition to an explanation of the observed spec-
tra there also be some insight as to why it went
unnoticed for so long. In fact, the physical ex-
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